| INTRODUCTION
One of the most prevalent and important radionuclides used in positron emission tomography (PET) is carbon-11 ( 11 C, t 1/2 = 20.4 min); it has been incorporated into a wide variety of exogenous and endogenous ligands, used for both diagnostic and research purposes. [1] [2] [3] [4] [5] The short half-life potentially allows the administration and scanning of multiple PET radiotracers in the same patient on the same day, thereby combining the advantages of imaging multiple biochemical pathways; in addition, it enables the labelling of biologically relevant molecules, without changing their pharmacodynamic and pharmacokinetic properties, by virtue of its isotopology with carbon-12.
Carbon-11 is produced as [ ]CO 2 leads to its rapid conversion to more reactive secondary precursors. 1 The most prevalent of these secondary precursors is [ 11 C] CH 3 I for 11 C-methylation reactions. 1 While these reactions are used to produce the vast majority of carbon-11 radiotracers, in the time taken to convert [ 3 I, significant amounts of the starting radioactivity can be lost through multistep synthesis and radioactive decay. 6 In addition, 11 C-methylation can somewhat limit the chemical space available for radiolabelling. As such, there have been a variety of alternative secondary and tertiary ]octynoic acid. [7] [8] [9] In an effort to easily automate these syntheses, these reactions have been performed "in-loop" via a captive solvent system; whereby the walls of a small tubing loop are coated with the highly reactive Grignard reagents, then [ 11 C]CO 2 is flowed through the loop, where it reacts in-loop to form the 11 Clabelled carboxylic acid product. 10, 11 This in-loop synthetic approach has also been used in 11 C-methylation reactions using gaseous [ raclopride as a notable example. [12] [13] [14] [15] [16] This synthetic methodology lends itself particularly well to the specific demands of 11 C-radiochemistry, and it has a number of advantages over the standard vial-based methods. For these mixed gas-liquid phase reactions, the high surface area provided by the walls of the loop maximises gas-liquid contact, increasing the efficiency and thus decreasing the reaction times required versus the standard vial-based setup. In addition, since loop synthesis eliminates reaction vials, transfer losses are kept to a minimum; and since this, in effect, miniaturises these reactions, precursor quantities can be greatly reduced. Finally, these reactions are easily automated, which is advantageous when considering the translational potential of a tracer. 12 C-labelled urea product, in just 5-minute total reaction time. 26, 27 The recent interest in [ 11 C]CO 2 fixation chemistry has the potential to revolutionise the field of carbon-11 radiochemistry, and the advantages afforded by the use of a loop-based system used in 11 C-methylation and 11 C-carboxylation reactions inspired us to apply the [ 11 C]CO 2 fixation in-loop. In this work, our aim was therefore to (1) establish a novel in-loop trapping/fixation of [ To precoat the walls of the loop, it is half filled with 75-μL trapping solution, then it is connected to the cyclotron delivery line and flushed with helium gas through to the waste vial. The waste vial contains the trapping solution that was not retained by the loop. Therefore, when [ To assess a solution's overall trapping efficiency as well as its suitability for our applications, we extracted 2 values from the acquired data: These are termed totalsolution trapping (T sol ) and loop-trapping (T loop ).
T sol (T sol = (R loop + R waste )/(R loop + R waste + R trap )) gives an insight into a solution's ability to trap [ 11 C]CO 2 in bulk and is a proxy measure for the chemical trapping efficiency of a given solution. While a low T sol indicates that a solvent mixture is unsuitable for application within our in-loop [ 11 C]CO 2 trapping/fixation method, a high T sol does not conversely guarantee success for our work. Since a highly efficient trapping solution may still have poor loop-retention, the degree to which the trapping solution is retained on the walls of the loop, and thus, [ 11 C]CO 2 trapping/fixation will not occur in-loop but in the waste vial.
Instead T loop (T loop = R loop /(R loop + R waste + R trap )) accounts both for the chemical trapping ability of a solution, but also the degree to which it is retained within our 150-μL ETFE loop. High values of T sol and T loop should guarantee success in developing an in-loop [ 11 C] CO 2 fixation methodology.
Our model trapping solutions contained varying concentrations of benzylamine and DBU dissolved in acetonitrile (MeCN). The DBU was chosen instead of BEMP, since in previous work, using these Mitsunobu reagents, both compounds gave good ably well, it is poorly retained in the loop. Any solutions to be used within this loop trapping/fixation methodology must therefore exhibit high T loop . Increasing benzylamine content up to 10%, both T sol and T loop increased. Notably, adding 1%, 5%, and 10% benzylamine, T sol showed nearquantitative trapping of total [ 11 C]CO 2 (93.8 ± 2.5%, 97.6 ± 0.8%, and 97.5 ± 0.4%, respectively). However, despite the comparable T sol seen for these solutions, there was a marked difference in T loop values ( Figure 2 ). Using 1% and 5% benzylamine content showed a two-fold increase of T loop (10.9 ± 4.4% and 24.4 ± 8.0%, respectively); however, increasing further the content of benzylamine up to 10% T loop did not significantly improve (27.0 ± 3.2%). These results show that-chemically-these mixed benzylamine/DBU solutions are exquisitely fine (1.492 mPa.s), which therefore gave an increased retention of the solution on the walls of the loop. Since we observed no significant improvement of T loop using 5% or 10% of benzylamine, we decided to fix the content of benzylamine to 10% in the next experiments. We then explored the effect of varying DBU concentration in our solutions ( Figure 3 ). In MeCN, 10% benzylamine (no DBU added) showed a reasonable T sol (44.1 ± 15.4%), but very low T loop (1.6 ± 1.1%). These results are very similar to those seen for a solution of 10% DBU in MeCN ( Figure 2) An additional feature of this setup is the 1-mL H 2 O added as a quenching solution in the final product vial. This ensures that any 11 C-urea derivatives detected in the crude HPLC are products formed exclusively in the loop. Without this simple addition, the reaction could feasibly be simply occurring in the product vial that receives the reaction mixture, during the time taken to measure product radioactivity and prepare the sample for HPLC analysis. The active Mitsunobu intermediate formed is a Morrison-Brunn-Huisgen betaine, which will react with 33-37 Our own non-radioactive experiments have confirmed that this betaine reacts with water forming the tri-n-butylphosphine oxide (PBu 3 O) and di-tert-butyl hydrazodiformate (DBAD-H 2 ). Therefore, in the 11 C-urea synthesis, any remaining unreacted urea-forming betaine will react with the excess water (in the product vial) upon leaving the reaction loop, ensuring that the crude-HPLC is representative of the 11 C-labelled species formed inloop, not in-vial. In addition, this serves to predilute the crude product ready for HPLC injection, which helps to streamline the synthetic process. One notable observation during these 11 C-urea syntheses was that we saw a significantly increased T loop (78.3 ± 3.6%) compared to that seen within the trapping experiments (41.8 ± 7.1%), indicating an increase in loop-retention of our optimised trapping solution. This variance in T loop value might be due to the difference between the 2 setups; in the flow synthesis of N,N′-[
dibenzylurea, the loops are routed via the E&Z switching valves (V1 and V2). We speculate that the use of these valves increases the backpressure in the system and correspondingly increases the loop retention of the trapping solution.
Because of the demanding time-constraints placed upon carbon-11 radiochemistry in the development of this method, we attempted to minimise all process times, avoiding any product losses because of radioactive decay. Since we avoided pretrapping or concentration of [ 11 C] CO 2 (instead delivered diluted in the helium carrier gas), and the rate of delivery was not slowed from the cyclotron's 70 mL/min, the [ 11 C]CO 2 is delivered through the system and trapped in the loop within 105 seconds of the end of bombardment (EOB). V1 and V2 are instantly switched, and the trapping loop is filled with Mitsunobu reagents within 30 seconds ( Figure 4 ). V1 is then switched back to a helium flush, and the reagents are pushed through the reaction loop and into the product vial at 70 mL/min. Therefore, the process is complete within just 3 minutes from the EOB and 1 minute from the end of delivery.
In the synthesis of our model substrate, N,N′-[ 11 C] dibenzylurea, we had to consider the concentration and stoichiometry of our Mitsunobu reagents added to the 150-μL trapping loop. Based on the assumption of 7-to 8-μL trapping solution retention (based on preliminary non-radioactive flushing experiments filling the loop with 75 μL of solution) and considering the optimal conditions found in our previous radiosynthesis of 11 C-symmetrical ureas, 27 the reagent concentration was selected to ensure a 2:1 stoichiometric ratio of Mitsunobu reagents (PBu 3 / DBAD) to benzylamine. Using the in-loop flow radiosynthesis setup, the radio-HPLC of the crude solution showed a radiochemical purity of 82.6 ± 3.3%. This coupled with the overall T loop of 78.3 ± 3.6% led to a decay-corrected nonisolated radiochemical yield (RCY) of 72.3 ± 5.1% (n = 3) for the synthesis of N,N′-[ group has demonstrated that this molar radioactivity would be expected to increase towards 60 to 70 GBq/μmol for an initial 30 GBq [ 11 C]CO 2 production, 28 which is consistent with the molar radioactivities obtained for other clinical 11 C-labelled radiotracers within our institution).
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This therefore presents a reproducible, rapid, and highyielding synthesis of a carbon-11-labelled urea product directly from [ 11 C]CO 2 .
The RCYs for the synthesis of N,N′-[ 11 C]dibenzylurea using this in-loop method (72% decay-corrected) are slightly lower than those for the traditional in-vial method (82% decay-corrected), because of a lower [
11 C]CO 2 trapping efficiency (78% vs 96%), but with a comparable radiochemical purity (83% vs 85%, by crude radio-HPLC). 27 However, this in-loop method uses smaller quantities of reagents compared to the in-vial method (75 μL vs 400 μL), which should simplify purification, and will minimise most of the transfer losses associated with in-vial synthesis, and the use of cheap, disposable, ETFE loops means that this method is particularly well suited to GMP production. These factors combined therefore mean that this in-loop method presents an appealing alternative to in-vial [ 11 C]CO 2 fixation reactions.
| CONCLUSIONS
In this work, we demonstrated that cyclotron-produced [ 11 C]CO 2 can be fixed in a low-volume (150 μL) ETFE loop. We showed that while amine/DBU solutions are chemically efficient [ . 39 This novel methodology has demonstrated the potential for direct-from-cyclotron in-loop [ 11 C]CO 2 fixation and has demonstrated that this can be used as part of a more complex synthesis (eg, amides and carbamates). 28 The speed of the reaction (3 min from EOB) and the cheap/disposable ETFE tubing setup (ideal for GMP production) mean that this method should be suitable for further applications in the direct trapping/fixation reactions of [ 11 C]CO 2 . We anticipate that this new methodology will facilitate a more widespread uptake and application of these powerful reactions, for the radiolabelling of a diverse array of structures directly from [ 11 C]CO 2 .
4 | EXPERIMENTAL
| Materials and general methods
Anhydrous acetonitrile (MeCN, 99.8%), ascarite, benzylamine (99%), di-tert-butyl-azodicarboxylate (DBAD, 98%), triethylamine (Et 3 N, ≥99.5%), and tri-n-butyl phosphine (PBu 3 , 99%) were purchased from Sigma-Aldrich. Ethyl acetate (EtOAc, ≥99.5%) was purchased from Fisher The trapping apparatus setup is shown in Figure 1 . One end of a 35-cm length of ETFE tubing (trapping loop, 1/ 16″ O.D., 0.75 mm I.D., 150-μL volume) was fitted with a fingertight screw fitting, and the other end was cleanly cut at a 45°taper. The loop was tightly coiled and placed inside a 10-mL glass vial for ease of handling. The tapered end was inserted through the rubber septum of a sealed crimped 10-mL waste vial. This vial was vented via a needle through an ascarite trap into a gas waste bag. The loop was half filled with 75-μL trapping solution, using a 100-μL syringe, and connected via a Luer slip fitting to the 
